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Astrophysical tests of the stability of dimensionless fundamental couplings, such as the fine-
structure constant α and the proton-to-electron mass ratio µ, are an optimal probe of new physics.
There is a growing interest in these tests, following indications of possible spacetime variations
at the few parts per million level. Here we make use of the latest astrophysical measurements,
combined with background cosmological observations, to obtain improved constraints on Bekenstein-
type models for the evolution of both couplings. These are arguably the simplest models allowing
for α and µ variations, and are characterized by a single free dimensionless parameter, ζ, describing
the coupling of the underlying dynamical degree of freedom to the electromagnetic sector. In the
former case we find that this parameter is constrained to be |ζα| < 4.8× 10
−6 (improving previous
constraints by a factor of 6), while in the latter (which we quantitatively compare to astrophysical
measurements for the first time) we find ζµ = (2.7 ± 3.1) × 10
−7; both of these are at the 99.7%
confidence level. For ζα this constraint is about 20 times stronger than the one obtained from local
Weak Equivalence Principle tests, while for ζµ it is about 2 orders of magnitude weaker. We also
discuss the improvements on these constraints to be expected from the forthcoming ESPRESSO
and ELT-HIRES spectrographs, conservatively finding a factor around 5 for the former and around
50 for the latter.
PACS numbers: 98.80.-k; 98.80.Es; 98.80.Cq
I. INTRODUCTION
Now that we know (as a result of experiments at the
Large Hadron Collider) that fundamental scalar fields are
among Nature’s building blocks [1, 2], an obvious follow-
up question is whether such scalar fields also play an role
on cosmological scales. Among the astrophysical probes
of such dynamical degrees of freedom, tests of the stabil-
ity of Nature’s dimensionless fundamental couplings are
the most direct and model-independent. Whenever dy-
namical scalar fields are present, one naturally expects
them to couple to the rest of the model, unless a yet-
unknown symmetry suppresses these couplings [3]. In
particular, a coupling to the electromagnetic sector will
lead to spacetime variations of the fine-structure con-
stant, which unavoidably imply a violation of the Ein-
stein Equivalence Principle—see [4, 5] for recent reviews.
Astrophysical tests of the stability of fundamental cou-
plings are an extremely active area of observational re-
search. The deep conceptual importance of carrying out
these tests has been complemented by recent (even if
somewhat controversial) evidence for such a variation
[6], coming from high-resolution optical/UV spectrosopic
measurements of absorption systems along the line of
sight of bright quasars. A significant effort is being
put into independently confirming this result, including
a dedicated Large Program with the Very Large Tele-
scope’s UVES spectrograph [7–9]. Improving these tests
∗ Ana.Leite@astro.up.pt
† Carlos.Martins@astro.up.pt
is also a flagship science case for forthcoming facilities
such as ESPRESSO [10] and ELT-HIRES [11]; a roadmap
for these future tests is discussed in [5].
Meanwhile, an extensive range of theoretical models
including varying couplings have been studied (see [4]
for an overview). Among these is a class of phenomeno-
logical models first suggested by Bekenstein [12] where,
by construction, the dynamical degree of freedom respon-
sible for the varying coupling has a negligible effect on
the cosmological dynamics. This includes the Sandvik-
Barrow-Magueijo model for a varying fine-structure con-
stant α (which stems from a varying electric charge) [13]
and the more recent Barrow-Magueijo model for a vary-
ing proton-to-electron mass ratio µ (which stems from a
varying electron mass) [14].
The original works provided some qualitative con-
straints on the models [13, 14], an in particular kept the
values of the cosmological parameters fixed at their best-
fit values. This last assumption was also used in a more
recent analysis of the α model [15]. In this work we pro-
vide a more quantitative analysis, relying both on cos-
mological background data, astrophysical measurements
of α and µ in the approximate redshift range 0 < z < 4.3
and atomic clock laboratory bounds on the current drift
rates of both quantities.
These models are characterized by a single phe-
nomenological dimensionless parameter, ζ, describing the
strength of the coupling of the dynamical scalar degree
of freedom to the electromagnetic sector, and we there-
fore obtain improved constraints on this parameter for
both models. This same parameter also determines the
amount of Weak Equivalence Principle (WEP) violation
in these models, and we also compare our astrophysical
2constraints on ζ to those that follow from local WEP
tests.
We note that in our analysis we will be considering
the simplest version of both models. While extensions
of the α model with additional (functional) degrees of
freedom have been suggested [16, 17], the quantity and
quality of the available data (and the fact that no strong
evidence for a nonzero coupling ζ currently exists) mo-
tivate us to restrict ourselves to the simplest scenarios.
Still, future observations will certainly allow the testing
of broader scenarios. Here we also provide an illustration
of this, quantifying the improvements on constraints on
the simplest α scenario expected from the ESPRESSO
spectrograph.
II. THE VARYING α MODEL
A. The model and relevant data
The Bekenstein-Sandvik-Barrow-Magueijo model was
introduced in [13], drawing on earlier work from Beken-
stein [12]. It is a model where the variation of α ≡ e2/~c
is due to a varying electric charge, while other parameters
are assumed to remain constant. We succinctly review
its relevant features, referring the reader to the original
work for more detailed derivations as well as some ad-
ditional motivation. Conceptually one can say that this
is a dilaton-type model, though one where the field is
assumed to couple only to the electromagnetic sector of
the Lagrangian. The model’s dynamical equations are
obtained by standard variational principles.
Specifically, the value of the fine-structure constant is
related to the scalar field via α/α0 = e
2(ψ−ψ0) though the
observational parameter of choice is the relative variation
of α, namely
∆α
α
(z) ≡
α(z)− α0
α0
= e2(ψ−ψ0) − 1 ; (1)
thus a negative value corresponds to a smaller value of
α in the past. Without loss of generality we henceforth
re-define the field such that ψ0 = 0.
Assuming a flat, homogeneous and isotropic cosmol-
ogy (fully in agreement with the latest cosmological data
[18]), one obtains the following Friedmann equation
H2 =
8πG
3
[
ρm(1 + ωζαe
−2ψ) + ρre
−2ψ + ρΛ +
1
2
ωψ˙2
]
,
(2)
with the dots denoting derivatives with respect to phys-
ical time, and the ρi respectively denonting the matter,
radiation and dark energy densities. The scalar field
equation is
ψ¨ + 3Hψ˙ = −2ζαGρme
−2ψ . (3)
Here ω is a parameter that can be defined as ω ∼
~c/ℓ2, where ℓ effectively describes the scale below which
one has significant deviations from standard electromag-
netism. For simplicity (and consistently with [13, 15])
we take ω ∼ 1, leaving the coupling ζα as the only phe-
nomenological free parameter in the model. Typical val-
ues for this free parameter are discussed in some detail
in [13], but this discussion is not strictly relevant in the
present context. For our purposes, irrespective of theo-
retical priors, the coupling parameter ζ is taken as a free
phenomenological parameter, to be constrained by obser-
vations. Note that in addition to radiation and matter
the model needs a cosmological constant to match cos-
mological observations; the dynamical scalar field ψ is
subdominant in the dynamics of the universe (so we can
assume the standard values of the cosmological param-
eters), and its only role is to drive a variation of the
fine-structure constant.
In practice it is more convenient to write this equation
as a function of redshift
ψ′′+
(
d lnH
dz
−
2
1 + z
)
ψ′ = −
3ζαΩm
4π
(1+z)e−2ψ
(
H0
H
)2
,
(4)
with the primes denoting derivatives with respect to red-
shift. This can be straightforwardly integrated, together
with the Friedmann equation, by standard numerical
methods. In what follows we can safely neglect the radi-
ation term in the Friedmann equation, since all our data
only probes low redshifts, z < 5. We will also assume a
flat universe. For consistency we have kept the kinetic
term of the scalar field (1/2 ψ˙2), although it is easy to
check that for values of the coupling consistent with the
current data this term is also sub-dominant.
The top panel of Fig. 1 shows the redshift evolution
of ∆α/α, the logarithmic redshift derivative α′/α and
the dimensionless time derivative α˙/(Hα), for selected
values of the coupling spanning the range ζα = ±5×10
−5.
In particular, the current drift rate of α, expressed in
dimensionless units(
1
H
α˙
α
)
0
= −
(
α′
α
)
0
= −2ψ′0 (5)
will be relevant for comparison to the atomic clocks
bound [20] (
1
H
α˙
α
)
0
= (−2.2± 3.2)× 10−7. (6)
Moreover, in this type of model there are composition-
dependent forces which lead to a WEP violation at a
level quantified by the Eotvos parameter, denoted η
[21]. Specifically, for the Bekenstein-Sandvik-Barrow-
Magueijo model the relation between η and the coupling
parameter is [13]
ηα ∼ 3× 10
−9ζα , (7)
to be compared to current bounds coming from torsion
balance experiments [22]
η = (−0.7± 1.3)× 10−13 (8)
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FIG. 1. Top panel: Redshift evolution of ∆α/α (black
solid lines), α′/α (blue dashed lines) and α˙/(Hα) (red dash-
dotted lines) for Ωm = 0.3 and couplings spanning the range
ζα = ±5 × 10
−5. Bottom panel: Recent measurements of
α, described in the text and listed in Table I; see also [19].
and lunar laser ranging [23]
η = (−0.8± 1.2)× 10−13 . (9)
As for cosmological data, we use the Union2.1 dataset
of 580 Type Ia supernovas [24] as well as a set of 35
Hubble parameter measurements, of which 28 are de-
scribed in the compilation of Farooq & Ratra [25] while
7 more recent ones come from the work of Moresco et
al. [26, 27]. These will provide conservative constraints
on the present-day matter density, Ωm. Stronger con-
straints could be obtained by using for example CMB
priors, but for consistency we prefer to restrict ourselves
to low-redshift data.
Last but not least, we will use all the available direct
astrophysical measurements of α. We use both the Webb
et al. [6] data (a large dataset of 293 archival data mea-
surements) and the smaller but more recent dataset of
11 dedicated measurements listed in Table I. The latter
Object z ∆α/α (ppm) Spectrograph Ref.
3 sources 1.08 4.3 ± 3.4 HIRES [29]
HS1549+191 1.14 −7.5± 5.5 UVES/HIRES/HDS [9]
HE0515−441 1.15 −0.1± 1.8 UVES [30]
HE0515−441 1.15 0.5 ± 2.4 HARPS/UVES [31]
HS1549+191 1.34 −0.7± 6.6 UVES/HIRES/HDS [9]
HE0001−234 1.58 −1.5± 2.6 UVES [32]
HE1104−180 1.66 −4.7± 5.3 HIRES [29]
HE2217−281 1.69 1.3 ± 2.6 UVES [7]
HS1946+765 1.74 −7.9± 6.2 HIRES [29]
HS1549+191 1.80 −6.4± 7.2 UVES/HIRES/HDS [9]
Q1101−264 1.84 5.7 ± 2.7 UVES [30]
TABLE I. Recent dedicated measurements of α. Listed are,
respectively, the object along each line of sight, the redshift
of the measurement, the measurement itself (in parts per mil-
lion), the spectrograph, and the original reference. The first
measurement is the weighted average from 8 absorbers in the
redshift range 0.73 < z < 1.53 along the lines of sight of
HE1104-1805A, HS1700+6416 and HS1946+7658, reported
in [29] without the values for individual systems. The UVES,
HARPS, HIRES and HDS spectrographs are respectively in
the VLT, ESO 3.6m, Keck and Subaru telescopes.
include the early results of the UVES Large Program for
Testing Fundamental Physics [7, 9], which is expected to
be the one with a better control of possible systematics.
Further details on this compilation can be found in [19].
Additionally we use the constraint from the Oklo natural
nuclear reactor [28]
∆α
α
= (0.5± 6.1)× 10−8 , (10)
at an effective redshift z = 0.14; these recent α mea-
surements are also plotted in the bottom panel of Fig.
1.
B. Current constraints
We can now compare this model with the aforemen-
tioned datasets, and obtain constraints on the parame-
ter space of the matter density Ωm and the coupling ζα.
For simplicity we will only consider flat universes and
ignore the radiation density (since we are dealing with
low-redshift constraints). We will further assume that
the dark energy (which in this model can’t be provided
by the degree of freedom responsible for the α variation)
is due to a cosmological constant.
Our results are summarized in Figs. 2 and 3. The
expectation that the correlation between the two param-
eters is small is confirmed in Fig. 2. Therefore the cosmo-
logical datasets mostly fix the matter density, while the
α measurements constrain the coupling ζα. Specifically,
marginalizing over ζα we find the following constraint
Ωm = 0.29± 0.03 , (11)
4at the three sigma (99.7%) confidence level, which is fully
compatible with other extant cosmological datasets, in-
cluding the recent Planck data [18]. As for the coupling
ζα Fig. 3 shows that the Webb et al. dataset, combined
with the cosmological data, leads to a 1.7 sigma detec-
tion of a non-zero coupling. However, the rest of the
α datasets are compatible with the null result, with the
atomic clocks bound and the recent astrophysical mea-
surements (plus Oklo) having a comparable constraining
power. This is to be contrasted with what happens in
quintessence-type models, where the atomic clocks bound
is more constraining than the current astrophysical mea-
surements [33–35]. The reason for this difference is that,
whereas deep in the matter era the relative α variation
is proportional to log (1 + z) (just as in most dilaton-
type scenarios where this behavior occurs throughout),
the onset of acceleration quickly freezes the dynamics of
the field and leads to comparatively smaller variations
close to the present day.
For the combination of all datasets and marginalizing
over Ωm, we find
|ζα| < 1.7× 10
−6 , 68.3%C.L. (12)
|ζα| < 4.8× 10
−6 , 99.7%C.L. . (13)
These constraints are therefore about a factor of 6
stronger than the previous analysis in [15], the reason
being the inclusion of more recent astrophysical measure-
ments (11 of them plus Oklo, versus only 5 measurements
available to [15]) as well as the inclusion of the atomic
clocks bound [20] which as not included in the earlier
analysis.
Finally, we can trivially express our constraint on the
coupling as a constraint on the Eotvos parameter,
ηα < 1.4× 10
−14 , 99.7%C.L. ; (14)
this is a stronger bound than the current local experimen-
tal limits. In other words, models in this class in agree-
ment with the α constraints also satisfy current WEP
bounds. However, we note that the recently launched
MICROSCOPE satellite is expected to improve the sen-
sitivity of local bounds to η ∼ 10−15 [36], thus enabling
additional constraints. In parallel, the sensitivity of as-
trophysical bounds will also improve, as we will discuss
in Sect. IV.
III. THE VARYING µ MODEL
A. The model and relevant data
The Bekenstein-Barrow-Magueijo model was intro-
duced in [14]. It is again a dilaton-type model and to
a large extent analogous to the α model, the main dif-
ference that it describes a varying electron mass rather
than a varying electric charge. Other parameters are
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FIG. 2. 2D likelihood contours on the ζα − Ωm plane. The
top panel illustrates the combination of cosmological (green
horizontal contours) and astrophysical data (magenta vertical
contours); the bottom panel is a zoomed version. One, two
and three sigma contours are plotted in all cases. The reduced
chi-square for the maximum likelihood value is χ2ν = 0.97.
again assumed to remain constant. Observationally, this
would lead to a varying proton-to-electron mass ratio,
µ = mp/me. (Note that [14] uses the opposite definition
of µ.) Consistently with the original work, we assume
that the field, in this case dubbed φ, driving these varia-
tions, does not significantly contribute to the Friedmann
equation. We have checked that this is a good approxi-
mation given the constraints on the model.
As before we restrict ourselves to flat, homogeneous
and isotropic cosmologies, neglect the radiation density
(as we will again be dealing with low-redshift datasets)
and assume that the dark energy is provided by a cosmo-
logical constant. In this case the electron mass is given
by me/me0 = e
φ−φ0 , while the observationally relevant
parameter is
∆µ
µ
(z) ≡
µ(z)− µ0
µ0
= 1− eφ−φ0 ; (15)
again a negative value corresponds to a smaller value of
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FIG. 3. 1D likelihood for Ωm (top) and ζα (bottom),
marginalizing over the other. In both cases the blue dashed
lines correspond to the combination of cosmological andWebb
et al. data, the blue dash-dotted line corresponds to the com-
bination of cosmological, Table I and Oklo data, the red dot-
ted line corresponds to the combination of cosmological and
atomic clock data, and the black solid line corresponds to the
combination of all datasets.
µ in the past. Without loss of generality we will again
re-define the field such that φ0 = 0. In this case the
dynamical equation for φ, analogous to Eq. (4), has the
form
φ′′ +
(
d lnH
dz
−
2
1 + z
)
φ′ = −ζµΩm(1 + z)e
φ
(
H0
H
)2
.
(16)
For simplicity (and in analogy with the α case discussed
above), we have defined the dimensionless coupling ζµ.
Written in terms of the parameters used in [14], this is
ζµ =
3Ωb
8πµGω
(
1−
fHe
2
)
, (17)
where Ωb is the present-day baryon density and fHe ∼
1/12 is the Helium-4 number fraction.
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FIG. 4. Top panel: Redshift evolution of ∆µ/µ (black
solid lines), µ′/µ (blue dashed lines) and µ˙/(Hµ) (red dash-
dotted lines) for Ωm = 0.3 and couplings spanning the range
ζµ = ±2 × 10
−6. Bottom panel: Recent measurements of
µ, described in the text and listed in Table II; see also [19].
The top panel of Fig. 4 shows the redshift evolution of
∆µ/µ, the logarithmic redshift derivative µ′/µ and the
dimensionless time derivative µ˙/(Hµ), for selected values
of the coupling spanning the range ζµ = ±2× 10
−6. We
immediately see that the qualitative behavior is quite
similar to that of the α model (c.f. the top panel of Fig.
1), the main quantitative difference being that, as we
will presently see, the allowed values of the coupling are
smaller. In this case the current drift rate of µ, expressed
in dimensionless units is
(
1
H
µ˙
µ
)
0
= −
(
µ′
µ
)
0
= φ′0 , (18)
which is constrained by a weaker bound from local atomic
clock measurements [37]
(
1
H
µ˙
µ
)
0
= (1± 4)× 10−6. (19)
6Object z ∆µ/µ Method Ref.
B0218+357 0.685 0.74 ± 0.89 NH3/HCO
+/HCN [38]
B0218+357 0.685 −0.35± 0.12 NH3/CS/H2CO [39]
PKS1830−211 0.886 0.08 ± 0.47 NH3/HC3N [40]
PKS1830−211 0.886 −1.2± 4.5 CH3NH2 [41]
PKS1830−211 0.886 −2.04± 0.74 NH3 [42]
PKS1830−211 0.886 −0.10± 0.13 CH3OH [43]
J2123−005 2.059 8.5 ± 4.2 H2/HD (VLT) [44]
J2123−005 2.059 5.6 ± 6.2 H2/HD (Keck) [45]
HE0027−183 2.402 −7.6± 10.2 H2 [8]
Q2348−011 2.426 −6.8± 27.8 H2 [46]
Q0405−443 2.597 10.1 ± 6.2 H2 [47]
J0643−504 2.659 7.4 ± 6.7 H2 [48]
J1237−064 2.688 −5.4± 7.5 H2/HD [49]
Q0528−250 2.811 0.3 ± 3.7 H2/HD [50]
Q0347−383 3.025 2.1 ± 6.0 H2 [51]
J1443+272 4.224 −9.5± 7.6 H2 [52]
TABLE II. Available measurements of µ. Listed are the ob-
ject along each line of sight, the redshift of the measurement,
the measurement itself, the molecule(s) used, and the original
reference.
Conversely, in this case the amount of WEP violation is
much stronger
ηµ ∼ 10
−4ζµ . (20)
Naturally in this case we can use the same cosmological
datasets as in the case of the α model. There are many
fewer direct astrophysical measurements of µ than in the
α case, although the low-redshift ones are more sensi-
tive. A recent compilation is described in [19], and they
are listed in Table II and plotted in the bottom panel of
Fig. 4. Note that the measurements in the redshift range
0 < z < 1 come from radio/mm observations, while those
in the range 2.0 < z < 4.5 come from UV/optical obser-
vations.
B. Current constraints
The analysis now proceeds as in the previous chap-
ter, and the results are summarized in Figs. 5 and
6. Again the correlation between the two parameters
is small, though it is different from that in the α model
case. Marginalizing over ζα we find the same constraint
as in the previous case
Ωm = 0.29± 0.03 , (21)
at the three sigma (99.7%) confidence level. As for the
coupling ζµ Fig. 6 shows that it is predominantly con-
strained by the low-redshift radio/mm astrophysical mea-
surements of µ; the constraints from the higher redshift
optical/UV data are weaker (and inconsistent with the
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FIG. 5. 2D likelihood contours on the ζµ − Ωm plane. The
top panel illustrates the combination of cosmological (green
horizontal contours) and astrophysical (magenta vertical con-
tours) data; the bottom panel is a zoomed version. One, two
and three sigma contours are plotted in all cases. The reduced
chi-square for the maximum likelihood value is χ2ν = 0.94.
former at the 1.4 sigma level) while those from atomic
clocks are even weaker. In this case, for the combination
of all datasets and marginalizing over Ωm, we find
ζµ = (2.7± 1.0)× 10
−7 , 68.3%C.L. (22)
ζµ = (2.7± 3.1)× 10
−7 , 99.7%C.L. ; (23)
this corresponds to detection of a non-zero coupling with
a statistical significance of 2.5 standard deviations. How-
ever, this value of the coupling is incompatible with the
bound which comes from WEP violations
ζµ < 4× 10
−9 , 99.7%C.L. ; (24)
here, unlike in the case of the α model, this constraint is
about two orders of magnitude stronger than that coming
from the µ measurements.
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FIG. 6. 1D likelihood for Ωm (top) and ζµ (bottom),
marginalizing over the other. In both cases the blue dashed
lines corresponds to the combination of cosmological and low
redshift (radio/mm) µ data, the blue dash-dotted line corre-
sponds to the combination of cosmological and high-redshift
(UV/optical) data, the red dotted line corresponds to the
combination of cosmological and atomic clock data, and the
black solid line corresponds to the combination of all datasets.
IV. FORECASTS FOR FUTURE
SPECTROGRAPHS
We now discuss forthcoming improvements to these
constraints, expected from the new generation of high-
resolution ultra-stable optical spectrographs. The first
of these, ESPRESSO [10], will be installed at the com-
bined Coude´ focus of ESO’s VLT in early 2017. The
possibility of combining light from the four VLT unit
telescopes means that ESPRESSO can therefore receive
light from a 16m telescope. Thus ESPRESSO will be-
come the instrument of choice for tests of the stability
of fundamental constants until the era of the Extremely
Large Telescopes, and particularly its flagship spectro-
graph, ELT-HIRES [11].
A preliminary selection of the list of α targets to be
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FIG. 7. Currently available measurements of ∆α/α for the
list of targets selected, through the process described in [53],
for the ESPRESSO fundamental physics GTO.
observed during the ESPRESSO Fundamental Physics
Guaranteed Time Observations (GTO) has been recently
done, and the criteria and the final list are described in
[53]. This consists of 14 absorption systems, in the red-
shift range 1.35 ≤ z ≤ 3.02. The best currently available
measurements on those systems are depicted in Fig. 7.
Broadly speaking these are among the known systems
that lead to the tightest constraints. The exception to
this is the system at z = 3.02, for which the current mea-
surement of α is fairly weak; nevertheless, in this system
one can also measure µ as well as the Cosmic Microwave
Background temperature—see [53] for further discussion.
For this list of ESPRESSO targets we have generated
simulated measurements with the expected ESPRESSO
sensitivities, assuming two different scenarios: one with
a fiducial model with no α variation (ζ = 0), and the
other with a fiducial model that is marginally consistent
with current constraints ζ = 5 × 10−6. In either case
we consider two sub-scenarios, which we call ‘Baseline’
and ‘Ideal’. These are meant to represent two estimates
of ESPRESSO’S actual performance and sensitivity for
these measurements, with the former being conservative
an the latter being somewhat more optimistic (for ex-
ample, it may require additional telescope time on each
target). Naturally, the actual performance of the instru-
ment will only be known after commissioning (which will
take place in 2017), but one may expect it to be some-
where between the two. Further discussion of the as-
sumptions underlying these Baseline and Ideal scenarios
can be found in [53–55]. We also used the ESPRESSO
target list for a second forecast, in this case for ELT-
HIRES, by extrapolating the gains from the increased
telescope collecting area [54, 55].
In all cases we generated simulated astrophysical
datasets, and used them instead of the current α mea-
surements (from Webb et al., Table I and Oklo). Thus a
dataset of 305 current measurements is replaced by one
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FIG. 8. Forecasts for the varying α BSBM model, from the
combination of the ESPRESSO fundamental physics GTO
target list [53] with the current cosmological and atomic clocks
measurements used for the current data analysis. The top
panel contains the forecasts for ESPRESSO itself, while the
bottom one shows a forecast for the same target list observed
with ELT-HIRES. In both panels the black contours corre-
spond to the current constraints obtained in Sect. II, the
blue and cyan contours show the forecasts in the Baseline
and Ideal scenarios for a fiducial model with ζ = 0 while the
red and green contours show the forecasts in the Baseline and
Ideal scenarios for a fiducial model with ζ = 5 × 10−6. One,
two and three sigma contours are depicted throughout.
with only 14, spanning a smaller redshift range but nat-
urally having much better precision. In repeating the
analysis of Sect. II and forecasting the constraints on
the coupling ζ we use the same cosmological datasets as
well as the atomic clocks bound of Rosenband et al.; this
is conservative assumptions since both of these datasets
are also expected to improve (and in the case of the
atomic clocks, the improvement may be very significant
[5]). However, our goal is to directly assess the impact of
the improved astrophysical measurements.
The forecasts for the various cases being studied are
compared with the current constraints in the ζ–Ωm plane
Dataset σζ (68.3% C.L.) σζ (99.7% C.L.)
Current 1.7× 10−6 4.8× 10−6
ESPRESSO Baseline 6.0× 10−7 1.8× 10−6
ESPRESSO Ideal 2.1× 10−7 6.3× 10−7
ELT-HIRES Baseline 1.1× 10−7 3.2× 10−7
ELT-HIRES Ideal 2.3× 10−8 7.0× 10−8
TABLE III. Current one and three sigma uncertainties on
the coupling ζα (marginalizing over Ωm) obtained in Sect. II
from current data, and the corresponding forecasts for the
ESPRESSO Fundamental Physics GTO target list and the
forthcoming ELT-HIRES (under the assumptions discussed
in the text).
in Fig. 8. These plots make it clear that even a rel-
atively small set of only 14 measurements will lead to
very significant improvements. They also show that, as
was to be expected, the (small) degree of correlation be-
tween the two parameters depends on the value of the
coupling. The one and three sigma forecasted uncertain-
ties on the coupling ζα for the various cases are plotted
in Table III, and compared to the current ones obtained
in this papers. As previously mentioned the Baseline and
Ideal scenarios are intended to bracket the actual perfor-
mance of ESPRESSO and ELT-HIRES (with somewhat
larger uncertainties on the latter, given the earlier stage
of its development). We therefore expect the ESPRESSO
GTO dataset to improve constraints on the coupling in
these models by a factor of 3 to 7, while ELT-HIRES can
improve it by a factor of about 20 to 70 (all these factors
being calculated relative to the present ones).
V. CONCLUSIONS
We have used the currently available astrophysical
tests of the stability of the fine-structure constant α and
the proton-to-electron mass ratio µ, combined with local
atomic clock tests and background cosmological obser-
vations to obtain improved constraints on Bekenstein-
type models that lead to the variation of either. At the
phenomenological level these can be seen as ΛCDM-like
models with an additional dynamical degree of freedom,
whose dynamics is such that it leads to the aforemen-
tioned variations without having a significant impact on
the Universe’s dynamics. In particular, this degree of
freedom can’t be responsible for the dark energy (for
which a cosmological constant is still invoked), unlike the
class of models recently studied in [33–35]. In this sense
these are the simplest phenomenological models allowing
for α or µ variations, even if they are (arguably) less well
motivated from a fundamental physics point of view.
While the models for α and µ are superficially very
similar, the current experimental and observational data
constrain them differently. In the α case the astrophys-
ical constraints on the dimensionless coupling ζα (which
we improved by a factor of 6 compared to the previous
9quantitative analysis in [15]) lead to constraints on WEP
violations that are about 20 times stronger than the cur-
rent direct ones (but are within the reach of the recently
launched MICROSCOPE satellite [36]). Conversely, in
the µ case, in which we have obtained the first quantita-
tive constraints on the analogous dimensionless coupling
ζµ (improving upon the more qualitative analysis of [14]),
the constraints are still two orders of magnitude weaker
than the WEP.
We have also obtained forecasts for the target list for α
measurements for the forthcoming ESPRESSO GTO, as
well as for that same target list observed with the foreseen
ELT-HIRES spectrograph. Our analysis leads to expect
that constraints on the coupling ζα should improve by a
factor around 5 while for ELT-HIRES the improvement
is a factor around 50. These forecasts are conservative in
the sense that we assumed no improvements on cosmo-
logical, Oklo or atomic clock data (so they come from the
improvements in α measurements alone). Moreover, fur-
ther improvements could come from observing additional
targets: about 300 different absorption systems have so
far provided α measurements (and some more may be
available in the future) although the 14 chosen ones are
the best known ones accessible to ESPRESSO, accord-
ing to the criteria discussed in [53]. In any case, our
results confirm the expectation that in the E-ELT era
astrophysical tests of the stability of fundamental cou-
plings will become a crucial part of a new generation of
precision consistency tests of fundamental cosmology [5].
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